Abstract: Obsessive-compulsive disorder (OCD) affects about 2% of the general population, for which several etiological factors were identified. Important among these is immunological dysfunction. This review aims to show how immunology can inform specific etiological factors, and how distinguishing between these etiologies is important from a personalized treatment perspective. We found discrepancies concerning cytokines, raising the hypothesis of specific immunological etiological factors. Antibody studies support the existence of a potential autoimmune etiological factor. Infections may also provoke OCD symptoms, and therefore, could be considered as specific etiological factors with specific immunological impairments. Finally, we underline the importance of distinguishing between different etiological factors since some specific treatments already exist in the context of immunological factors for the improvement of classic treatments.
Introduction
Obsessive-compulsive disorder (OCD) is a major disabling disorder affecting about 2% of the population, and it incurs significant mental health costs [1] . The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) defines OCD as comprising two major symptoms: obsessions (i.e., intrusive thoughts or mental images) and compulsions (i.e., repetitive movements or mental acts produced by the patient in response to obsessional thoughts, in order to decrease anxiety) [2] .
Several hypotheses exist regarding the physiological basis of OCD with dysfunction of brain circuits involving the limbic cortex and basal ganglia being at the core of the disorder [1, 3] . Indeed, several imaging studies found hyperactivity of the orbito-frontal cortex and anterior cingulate cortex [4] , and effective treatments for severe forms of OCD act directly on these circuits [5, 6] . Some authors proposed hypotheses involving dysfunction of microcircuits within these limbic loops [7] . However,
Method
Our review used the PubMed database. We selected clinical human papers (English language) relevant to the human immunological field concerning OCD. The relevance of an article was based on the abstract published in PubMed. We did not restrain the period of search and reviewed all PubMed results.
Our exclusion criteria were as follows: case report format, small descriptive case series format, commentary format, review format, animal experiments, neurocognitive studies, control group with other psychiatric conditions, absence of OCD data (for example, studies looking for pediatric autoimmune neuropsychological disorders associated with streptococcal infection (PANDAS) etiology only in Tourette's patients were excluded). Furthermore, therapeutic trials were not selected when these were not targeted by the search terms. For example, when looking for cytokine impairment in OCD through "cytokines AND (OCD OR "obsessive compulsive disorder")" search terms, some therapeutic trials found were not selected.
When the same paper was found with different search terms, we specify this fact in the tables below. For example, when an article was found with both "cytokines AND (OCD OR "obsessive compulsive disorder")" and "antibody AND (OCD OR "obsessive compulsive disorder")" search terms, we detailed the article only in the first table section (here, the "cytokines AND (OCD OR "obsessive compulsive disorder")" table section); in the second table section (here, the "antibody AND (OCD OR "obsessive compulsive disorder")" table section), we only mentioned the article and directed the reader to the first table section for details.
The following terms were reviewed: cytokines AND (OCD OR "obsessive-compulsive disorder") (67 papers, 22 included); antibody AND (OCD OR "obsessive-compulsive disorder") (163 papers, 33 included); anti-brain antibody and (OCD OR "obsessive-compulsive disorder") (6 papers, 3 included); ABGA AND (OCD OR "obsessive-compulsive disorder") (7 papers, 2 included); "white blood cells" AND (OCD OR "obsessive-compulsive disorder") (1 paper, 1 included); lymphocyte AND ("obsessive-compulsive disorder" OR OCD) (40 papers, 15 included); monocytes AND ("obsessive-compulsive disorder" OR OCD) (6 papers, 4 included); "NK cells" AND ("obsessive-compulsive disorder" OR OCD) (3 papers, 2 included); infection AND (OCD OR "obsessive-compulsive disorder") (243 papers, 9 included); Lyme AND (OCD OR "obsessive-compulsive disorder") (5 papers, 1 included); streptococcus AND (OCD OR "obsessive-compulsive disorder") (137 papers, 22 included); toxoplasma (OCD OR "obsessive-compulsive disorder") (8 papers, 4 included); (PANDAS OR PANS) AND treatment AND (OCD OR "obsessive-compulsive disorder" OR tic OR Tourette) (111 papers, 21 included); NSAID and (OCD OR "obsessive-compulsive disorder") (14 articles, 4 included); "anti-inflammatory" and (OCD OR "obsessive-compulsive disorder") (21 papers, 5 included); minocycline and (OCD OR "obsessive-compulsive disorder") (6 papers, 2 included); N-acetylcysteine and (OCD OR "obsessive-compulsive disorder") (27 papers, 5 included).
The aim of the article was to describe and discuss the potential role of immunological factors in OCD etiology. Hence, even if the method was a systematic one, we wrote our article as a qualitative review to make it easier to read and understand. However, the articles cited in the text are referenced in the tables below, and, when contradictions occurred between articles, this is mentioned and reviewed qualitatively in the text.
Immunological Changes in OCD

Cytokines
Cytokines are molecules that allow communication between immune cells, or between immune cells and non-immune cells [19] . Studying cytokines can help us understand the mechanism and pathways of potential immunological disruption in OCD. The first studies on cytokine variations in OCD patients included very few patients and were negative except for a positive and significant correlation between IL-6 (interleukin-6) or soluble IL-6 receptor plasma levels and severity of compulsive behaviors [20, 21] (Table 1) . Further studies [22] [23] [24] [25] [26] [27] [28] [29] [30] were carried out enabling a meta-analysis [31] (Table 1) , which found decreased IL-1β levels and decreased TNFα (tumor necrosis factor α) levels in non-depressed OCD patients (but not in OCD patients with possible comorbid depression), and increased IL-6 levels in adult medication-free OCD patients (but not in OCD children with possible medication use) compared to controls. More recently, discrepancies were found with this previous meta-analysis concerning TNF-α with increased levels in OCD patients [32] [33] [34] (Table 1) . Despite these discrepancies, the increased IL-6 levels seem a consistent result as they were replicated in a recent study [34, 35] (Table 1) . [32] 44 OCD patients 40 controls -> OCD log-TNF-α > controls log-TNF-α p < 0.001 -> OCD log-IL-12 < controls log-IL-12 p = 0.014 No difference concerning BDNF, TFG-β (tendency of increased level in OCD patients), IL-1β (tendency of decreased level in OCD patients), IL-17, sTNFR1, sTNFR2, CCL3, CCL24 (tendency of increased level in OCD patients), CCL8 The fact that IL-6 levels are higher in autoimmune diseases (e.g., rheumatoid arthritis) [19] raises the hypothesis that increased IL-6 levels in OCD could favor the existence of an autoimmune etiological factor. Furthermore, tocilizumab, an IL-6 receptor-neutralizing antibody, appears as a putative treatment in some cases of OCD as this molecule was always found effective in some autoimmune disorders where IL-6 is involved [19] . We could, thus, hypothesize that tocilizumab or other specific immunological treatments could help some specific OCD patients with a possible immunological etiological factor.
It is known also that both IL-6 and TNFα can be involved in asthma pathophysiology and allergic diseases [42] , and allergic diseases would appear to be more frequent in OCD patients [43] , giving weight to elevated IL-6 and TNFα levels in some OCD cases.
TNFα, IL-1β, and IL-6 are inflammatory cytokines (for a very complete review, see Reference [42] ). TNFα is produced by a wide range of cells including T-or B-cells and monocytes (including microglia), and it targets all nucleated cells. TNFα has a complex role, being both pro-inflammatory and immunosuppressive. In the brain, TNFα could be involved in synapses scaling with high levels of TNFα favoring LTP (long term potentiation) and low levels of TNFα favoring LTD (long term depression) [44, 45] . Progranulin mutations were found to be associated with hyperexcitability of nucleus accumbens spiny neurons in mice, in line with hyperactivity of cortico-striatal loops in OCD [1] , and elevated TNFα levels and hyperactivation of microglia [46] . With the progranulin gene restored, OCD-like behavior disappeared in mice [46] . Frontoparietal dementia patients showing mutations of progranulin presented OCD [46] . IL-1β is also produced by microglia and targets T-cells or endothelial and epithelial cells [42] . IL-6 is produced by both astrocytes and microglia, and IL-6 exposure could increase synaptic activity (for an excellent review on IL-6 central nervous system (CNS) effects, see Reference [47] ).
In summary, the literature on cytokines involved in OCD is difficult to interpret as contradictory results are often found. These discrepancies could be due to the heterogeneity of patients studied, e.g., children vs. adults, and they emphasize the importance of considering the immunological status of recruited patients. Thus, differences in symptoms, and their development or response to treatment between OCD patients with and without modified IL-6 and TNFα levels would suggest the possibility of a specific immunological OCD cluster.
Antibodies
Most studies concerning antibodies in OCD concern pediatric autoimmune neuropsychological disorders associated with streptococcal (PANDAS) infections.
Studies found that a subset of patients suffering from OCD showed high levels of anti-basal ganglia antibodies (ABGAs) and anti-streptolysin O antibodies (ASO) in the blood or corticospinal fluid (CSF) [48] [49] [50] [51] (Table 2 ). These studies strongly support the existence of an autoimmune etiological factor in OCD. However, discrepancies still exist: ABGAs were found in OCD patients (and not in controls), but not in all OCD patients [49] (Table 2) . Cf. Anti-brain antibody and (OCD OR "obsessive-compulsive disorder") ABGA = anti-basal ganglia antibody; ADHD = attention deficit/hyperactivity disorder; ASO = anti-streptolysin O; CaM Kinase II = Ca 2+ /calmodulin dependent protein kinase II; CD = cluster of differentiation; CIs = confidence intervals; CSF = cerebrospinal fluid; CY-BOCS = children's Yale-Brown obsessive-compulsive scale; D1R = dopamine 1 receptor;D2R = dopamine 2 receptor; D_ and D17 = B lymphocyte antigen; DNase = deoxyribonuclease; GAS = group A streptococcus; GM1 = monosialotetrahexosylganglioside 1; HSV = herpes simplex virus; Ig = immunoglobulin; OCD: obsessive-compulsive disorder; OR = odds ratio; PANDAS = pediatric autoimmune neuropsychological disorders associated with streptococcal infection; PANS = pediatric acute-onset neuropsychiatric syndrome; Y-GTSS = Yale global tic severity scale.
Furthermore, it was shown that patients suffering from rheumatic fever-a disorder linked with PANDAS-show a higher proportion of a specific B-lymphocyte alloantigen detected with monoclonal antibodies D8/D17 [82, 83] . Consequently, some authors tried determining whether the monoclonal antibody D8/D17 could also be used as an OCD marker. The D8/D17 mean value was shown to be higher in OCD or Tourette's child populations vs. control subjects [80] , and, as no difference was found between Tourette syndrome and OCD patients in D8/D17 values, it was hypothesized that it could be a marker for OCD in children [80] . Although these results were replicated [74, 77] , there is still debate surrounding this topic [71, 73, 81, 84] (Table 2) .
However, this higher proportion of B-lymphocyte alloantigen detected with monoclonal antibody D8/D17 found in some OCD patients could be a promising way of classifying patients in specific subgroups of OCD (patients with a high D8/D17 value vs. OCD patients without) and could, thus, be a promising line for proposing more specific treatments for these particular patients.
White Blood Cells
As with cytokines, very contrasting results were found for white blood cells. Some studies found a higher number of CD8+ (cluster od differentiation) lymphocytes and a lower number of CD4+ lymphocytes in OCD patients [76] , whereas others did not [85, 86] (Table 3) . Furthermore, other studies concerning different white blood cells (monocytes or NK cells (natural killer cells)) also found different results [28, 35, 87] (Table 3) . While cytokines are studied intensively in the context of OCD, more studies will need to be done specifically on white-blood-cell counts and activity. Table 3 . White blood cells and OCD. 
Infections and OCD
Here, we describe two of these infectious etiological factors (Table 4 ), and we discuss some possible mechanisms via which these infectious agents could lead to OCD, and hence, why these infection contexts could be considered as specific OCD subtypes. [63] Cf. antibody AND (OCD OR "obsessive compulsive disorder") ADHD = attention deficit/hyperactivity disorder; GAS = Group A streptococcus; HIV = human immunodeficiency virus; MDD = major depressive disorder; ODD = oppositional defiant disorder; PANDAS = pediatric autoimmune neuropsychological disorders associated with streptococcal infection; PANS = pediatric acute-onset neuropsychiatric syndrome.
Streptococcal Infection
Streptococcus pyogenes is a bacterial group that can lead to several pathologies such as pharyngitis, scarlet fever, or erysipelas [106] . Among these diseases, rheumatic fever is the one we were interested in. This disease is characterized by elevated ASO (anti-streptolysin O) or anti-DNAse B antibody levels [107] , and it affects the heart, skin, bone joints, and CNS [108, 109] . The Jones criteria are usually used to make the diagnosis. They consist of carditis, arthritis, chorea, erythema marginatum, and subcutaneous nodules with evidence of S. pyogenes infection [108, 109] . S. pyogenes can, thus, affect the nervous system through choreic movements. This chorea, called Sydenham's chorea [110, 111] , is characterized by involuntary movements which are irregular, rapid, and transient, and which are typically manifested in the extremities [111, 112] . Sydenham's chorea is characterized by antibodies found in the basal ganglia that react with N-acetyl-beta-D-glucosamine of S. pyogenes, and with lysoganglioside and tubulin of the brain [111, 113] . This cross-reaction is made possible by a mimicry process [111] . Furthermore, it was shown recently by Cox and colleagues that these antibodies could react with the D2-receptor (D2R) complex, which could be causal in Sydenham's chorea, as risperidone reverses this movement disorder [114] . In summary, antibodies that originally target S. pyogenes may also attack the patient's brain.
Since the basal ganglia (where Sydenham's chorea antibodies are found) appear to be a key region in OCD neurobiology [1, 3] , one could imagine that antibodies against basal ganglia (which seems the case in PANDAS [68] ) could impair their functioning and lead to OCD symptoms in some conditions. In this context, it is notable that OCD may be associated with Sydenham's chorea [115] . In addition to this association, the concept of PANDAS (pediatric autoimmune neuropsychological disorder associated with streptococcal infection) was originally defined by Swedo et al. in 1998 [105] as follows: presence of OCD or tic disorder, symptom onset between the age of three and puberty, exacerbation of symptoms associated with streptococcal infection, and presence of neurological abnormalities during symptom exacerbation, but in the absence of frank chorea which would suggest Sydenham's chorea [105] . This original description of PANDAS was modified in 2012 by Swedo et al. to become PANS (pediatric acute-onset neuropsychiatric syndrome, with abrupt onset of OCD or severely restricted food intake and presence of additional neuropsychiatric symptoms such as anxiety, emotional liability, etc.) [13] . PANDAS and PANS could, thus, constitute a specific OCD subgroup for which the underlying physiological mechanism could be the same, that is to say, an autoantibody against basal ganglia neurons [110, 113] .
However, no D2R antibodies were found in PANDAS patients [12] . Cox et al. recently studied patients with tic disorders or OCD or both, and with a history of streptococcal infection [58] . They found that these patients as a whole presented elevated levels of anti D1-receptor (D1R) antibodies in the serum (with elevated anti-lysoganglioside antibodies) compared to controls. As in Sydenham's chorea, anti-lysoganglioside antibodies seem to be involved [58, 65] (Table 4) .
Recently, antibodies in children suffering from PANDAS were found to bind more to cholinergic interneurons of mice than control antibodies when mice were infused with patient and control serum in their striatum [116] . Taken together, these results raise the question of the proportions of dopamine receptor subtypes and the role of cholinergic interneurons in OCD and more particularly in PANDAS, which is a good example of the multiple etiologies of OCD. It is one of the rare clearly identified etiological factors of OCD. About 5% of pediatric OCD patients meet the criteria for PANDAS (or PANS) [117] and it is important to distinguish this etiology from others in OCD patients. Indeed, the prognosis of PANDAS seems relatively good, as Leon et al. found that 88% of children originally suffering from PANDAS with moderate-to-severe OCD presented no OCD symptoms (55%) or only subclinical symptoms (33%) after approximately three years of follow-up [118] (Table 5) . This result of a good prognosis is confirmed by Murphy et al. [61] , but not by Frankovich et al. [57] ( Table 5) . By contrast, 48% of OCD patients were found to be still symptomatic after 30 years [119] . However, as this study began in 1954, and PANDAS patients, which represent about 5% of OCD patients, were first described in 1998 [105, 117] , one may hypothesize that PANDAS and non-PANDAS OCD patients were pooled together. Furthermore, treatment of PANDAS (described below) is not identical to OCD treatment. Prophylactic antibiotics or antibiotic treatment, anti-inflammatory treatment, and immunoglobulin, indicated in PANDAS treatment, are not prescribed in "idiopathic OCD" [118, [120] [121] [122] [123] [124] [125] . Therefore, it would be important to recognize and adequately treat PANDAS within a personalized medical setting. NSAIDs were at least "somewhat effective" for 80% of patients Steroids were at least "somewhat effective" for 72% of patients IVIG were at least "somewhat effective" for 74% of patients 
Toxoplasma gondii
Toxoplasma gondii is an intracellular parasite that is linked to several psychiatric disorders including schizophrenia and bipolar disorder [144, 145] . T. gondii is also linked to OCD [14, 54, 63, 145] (Table 4) . A recent study found that the presence of anti-Toxoplasma gondii IgG (immunoglobulin G) in serum was more frequent in OCD patients than in controls (the odds ratio (OR) was 4.84 (confidence intervals = 1.78-13.12) in favor of OCD) [52] (Table 4) . Furthermore, in a 1991 study, Strittmatter and colleagues showed that the CNS areas most affected by T. gondii were the cerebral hemispheres (91%) and the basal ganglia (78%) which are implicated in OCD neurobiology [146] . There are several hypotheses regarding how T. gondii reaches the CNS (for a review, see the article by Ueno et al. [147] ). Among these, the monocyte hypothesis is of particular interest. Indeed, the fact that T. gondii is found in the brain CD11b+ monocytes, which can be microglial cells (the resident monocytes of the brain) [148] , suggests that T. gondii can invade monocytes in the peripheral blood supply and then reach the brain.
Once in the brain and in microglia, these monocytes become activated and show increased migratory activity [149] .
T. gondii infection leads to IFN-γ (interferon) production, and then, to the induction of IDO (indolamine-2,3-dioxygenase), mainly produced by microglia and one of the main enzymes of kynurenine pathway [150] [151] [152] [153] [154] . This induction of IDO by T. gondii occurs firstly in parallel with the T. gondii-induced microglia activation and can secondly lead to a tryptophan depletion (since the kynurenine pathway is part of tryptophan catabolism) [149, 150, 155] . As tryptophan is the essential amino acid for serotonin synthesis, tryptophan depletion could interfere with OCD physiological pathways since OCD symptoms are improved with specific serotonin reuptake inhibitors (SSRIs) [156] [157] [158] . Nonetheless, we have to keep in mind that this causal tryptophan depletion hypothesis is still a matter of debate in MDD (major depressive disorder); thus, the putative T. gondii role in OCD is unclear [159] .
We could also hypothesize a T. gondii action at the level of striatal dopamine receptors. T. gondii contains genes coding for tyrosine hydroxylase, and it was shown that T. gondii increases the dopamine release [160] ; therefore, T. gondii could lead to OCD through dopamine release and its action on striatal D1 receptors, and then, via the activation of the direct pathway (associated with the D1 receptor [161] ). Nonetheless, this hypothesis is highly speculative since interactions among D1 receptors, D2 receptors (between direct and indirect pathway), and serotonin receptors are complex, and D1 receptor downregulation could be a consequence of a D1 receptor hyper stimulation, thus leading to an inhibition of the direct pathway.
Finally, there is a neurotoxic hypothesis, via the direct neurotoxic role of quinolinic acid (produced by the kynurenine pathway) and IFN-γ which acts as a neurotoxic agent through its action on the kynurenine pathway [162] . Therefore, one could speculate that T. gondii is neurotoxic for the striatal microcircuit, and thus, contributes to the occurrence of OCD symptoms.
According to these different hypotheses on the role of T. gondii in the genesis of OCD, some innovative treatment options might be suggested such as the use of IDO inhibitors used for some cancer treatments [163] , which were already tested in some animal models of schizophrenia where such treatment seems to protect the striatum from the negative effects of kynurenine pathway activation [164] .
Alternative Treatments for OCD
The above distinct etiological factors in OCD could be taken into account to develop specific treatments. Tricyclic or SSRI antidepressants are the usual treatment for OCD [165] . For refractory and severe OCD, deep brain stimulation can also be used [6] . Other treatments were also developed for specific etiological factors.
Specific Treatment in the PANS/PANDAS Context
Several specific treatments were studied for PANS/PANDAS patients. Intravenous immunoglobulin (IVIG) could be an effective treatment [120, 124, 166] (Table 5) ; however, its effectiveness remains to be confirmed. Another treatment procedure studied was apheresis. Two studies found this treatment to be effective [128, 166] (Table 5 ), but they suffered from limitations (absence of a control group or a limited number of patients studied), which meant no definitive conclusion could be drawn on its effectiveness in PANDAS. The effects of antibiotic treatment in PANDAS were also studied. Four studies without control groups found that antibiotics could be effective [118, 120, 129, 133] (Table 5) , although a study comparing azithromycin vs. placebo as a treatment for PANS over four weeks failed to find an effect of azithromycin on OCD symptoms as measured with the Children's Yale-Brown Obsessive Compulsive Scale (CY-BOCS) [123] (Table 5 ). However, if streptococcal infection is still present during acute episodes of PANDAS, antibiotics are considered as the best treatment [167, 168] . Finally, corticosteroid and nonsteroidal anti-inflammatory drugs (NSAIDs) do appear to be effective [120] [121] [122] 126] (Table 5) .
Hence, several alternative specific treatments to PANDAS/PANS were studied. However, even if some of these proposed treatments seem promising, robust clinical evidence is still lacking to allow us to reach a definitive conclusion [169] .
Specific Treatment in the "Classical" OCD Context
In addition to PANS/PANDAS, immunological treatments were also tested in "classical" OCD, that is to say, with no clearly identified etiological factor. NSAIDs show contrasting results [135, 136, 170] (Table 5 ). However, in the general context of OCD with no specific etiological factors, anti-inflammatory treatment seems to have a place in the treatment strategy, which could be more precisely defined if OCD etiologies were better known. Minocycline, a specific antibiotic, is particularly interesting because of its action on microglia (see below). Minocycline was studied as a potential new pharmacological treatment for OCD, and the results were mixed: one study found that minocycline could be a good adjunctive treatment to classical OCD treatment with SSRIs [137] , but another one did not find this result [138] ( Table 5 ). Another antibiotic, cefdinir, was studied, but it showed no effectiveness on the CY-BOCS scores when compared to a placebo [171] . Finally, N-acetylcysteine (NAC), an antioxidant which has a neuroprotective role against oxidative stress, produced divergent results [139] [140] [141] [142] [143] (Table 5) .
These different studies on immunological treatment in the PANDAS/PANS contexts or otherwise indicate that some specific treatments for different aspects of immunity could have a place in OCD treatment.
Conclusions: Future Lines of Research for Etiological Immune Response Factors
Animal Models
The rodent animal model is widely used in anxiety disorder studies. Rodents present many behavioral signs of anxiety in various contexts. Among these behaviors, grooming was considered by some authors as a compulsive-like behavior, due to its repetitive and sequential organization [172] . Hence, several animal models that were created by mutating genes of interest (e.g., Sapap3 mutant-mice [173] ) were considered as animal models for OCD because of their excessive grooming behavior among other parameters. Hox genes are homeotic genes [174] , which are responsible for the anterior posterior segmentation of the organism. They are also involved in the formation of the hematopoietic system, and Hoxb8 is especially involved in the differentiation of myeloid progenitor cells, one source of microglial cells [175] . It is, therefore, of note that, firstly, Hoxb8 mutant-mice show exacerbated grooming behavior since, in the brain, microglia are the only cells linked to Hoxb8, and secondly, that grooming could be reversed after normal bone marrow transplantation which allows Hoxb8-derived microglia to migrate to the brain [175] . These data show a direct involvement of microglia, which is an immunological component in compulsive-like behaviors. Therefore, microglia (see below) could be a promising future line of research to better understand OCD and the role of immunology in a specific OCD cluster.
Rats exposed to Streptococcus antigens show more grooming behavior than control rats [176] and offer a model within which to investigate the link between OCD neurobiology and PANDAS. Indeed, grooming behavior was found to be reversible with serotonin re-uptake inhibitors, and IgG was found in key brain areas of OCD rats (i.e., striatum, thalamus, and frontal cortex), and glutamate and dopamine levels were also found to be modified [176] . Furthermore, the amelioration of some of the previous abnormalities found in this model with an antibiotic treatment [177] is in line with other results in humans [123] .
Microglia
Tourette syndrome is a condition close to the OCD spectrum [178, 179] , and is well known for showing interneuron loss [180] . Interestingly, a high level of CD45, which is a marker of activated microglia, was found in Tourette's post-mortem basal ganglia [181, 182] . An elevated expression of CCL2 (chemokine ligand 2), which is a chemokine that activates microglia, was also found in these brains [181, 182] , raising the question of whether the interneuron loss in Tourette syndrome is linked in some manner to microglia activation. Indeed, among the functions of microglia are synapse elimination and phagocytosis [183] . There is convergent evidence in OCD, as a recent study found microglia activation in an OCD brain employing a PET (positron emission tomography) protocol [184] , which shows a potential role for inflammation and microglia in OCD neurobiology [11] . These results are consistent with the cytokine levels found in OCD patients, as activated microglia produce IL-6, IL-1β, and TNF-α [11, 181] . This could explain the effectiveness of minocycline, which reduces microglia activation [185] , as another OCD treatment in Reference [137] , and highlights the importance for precision medicine to consider immunological etiological factors.
The Importance of the Attempt to Identify Different OCD Etiologies
As we can see (Table 6 ), it is likely that there are multiple etiological factors in OCD. Genetic and environmental factors clearly play a role in the emergence of OCD. Some genetic studies indicate the involvement of immune response genes in the physiological basis of OCD [9, 10, 186] . The environment could play a role through epigenetic processes [187] , and could also have a more direct influence on brain function through immunological processes, as is the case with PANDAS. Furthermore, it was shown that stress may directly impact some immunological parameters [188] , raising the putative role of psychological stressors through immunological responses in OCD emergence. Divergent results concerning cytokines (especially IL-6, TNF-α) were found between studies. These discrepancies, therefore, raise the question of different patient populations, with some patients possibly presenting with immunological deficiencies, thus explaining the discrepancies.
Antibody studies show that autoimmune factors could be specific etiologies in OCD.
Streptococcus pyogenes is already recognized as possibly leading to OCD through PANS (pediatric acute-onset neuropsychiatric syndrome), as is Toxoplasma gondii. The mechanisms leading to OCD for S. pyognes and T. gondii are still unknown, but autoimmunity seems to be involved.
According to these different possible immune etiological factors (autoimmunity, infection), some specific treatments were already tested opening the way to individualized specific treatments. An effort to clearly distinguish between the different etiological (including immunological) factors is still necessary in order to develop more effective OCD treatments IL = interleukin; OCD = obsessive-compuslve disorder; PANS = pediatric acute-onset neuropsychiatric syndrome; TNF = tumor necrosis factor.
Future research should focus on these etiological factors (genetic, immunological, etc.) in order to elucidate the biological bases of OCD, and to develop prevention tools and better treatments [189] , paving the way to precision individualized therapies [190] for the benefit of patients. The identification of more specific biological clusters in OCD is essential in order to advance our knowledge and treatment of OCD.
